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============

The historical discovery by ATLAS and CMS of a particle with a mass of approximately 125 GeV \[[@CR1], [@CR2]\] and properties that are compatible with those of a scalar Higgs boson \[[@CR3]--[@CR8]\] has far reaching consequences not only for the Standard Model (SM) of the electroweak and strong interactions, but also for new physics models beyond it. This is particularly true for supersymmetric theories (SUSY) \[[@CR9]--[@CR11]\] that are widely considered to be the most attractive extensions of the SM as they naturally protect the Higgs mass against large radiative corrections and stabilise the hierarchy between the electroweak and Planck scales, besides of allowing for the unification of the three gauge coupling constants and providing a good candidate for the dark matter in the universe, the lightest SUSY particle.

In the minimal supersymmetric extension of the SM (MSSM), two Higgs doublet fields $\documentclass[12pt]{minimal}
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There is, however, one major difference between the two cases: while in the SM the Higgs mass is essentially a free parameter (and should simply be smaller than about 1 TeV in order to ensure unitarity in the high-energy scattering of massive gauge bosons), the lightest MSSM CP-even Higgs particle mass is bounded from above and, depending on the SUSY parameters that enter the important quantum corrections, is restricted to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_h^\mathrm{max} \approx 90$$\end{document}$--130 GeV. The lower value comes from experimental constraints, in particular Higgs searches at LEP \[[@CR30], [@CR31]\], while the upper bound assumes a SUSY-breaking scale that is not too high, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_S \lesssim {\mathcal {O}}$$\end{document}$ (1 TeV), in order to avoid too much fine-tuning in the model. Hence, the requirement that the MSSM $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$h$$\end{document}$ boson coincides with the one observed at the LHC, i.e. with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_h \approx 125$$\end{document}$ GeV and almost SM-like couplings as the LHC data seem to indicate, would place very strong constraints on the MSSM parameters, in particular the SUSY scale $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_S$$\end{document}$, through their contributions to the radiative corrections to the Higgs sector. This comes in addition to the limits that have been obtained from the search of the heavier Higgs states at the LHC, as well as from the negative search for supersymmetric particles.

In this review, we summarise the implications of the available LHC Higgs results for the MSSM Higgs sector. We first discuss the consequences of the $\documentclass[12pt]{minimal}
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Implications of the Higgs mass value {#Sec2}
====================================

The Higgs masses in the MSSM {#Sec3}
----------------------------

In the MSSM, the tree-level masses of the CP-even $\documentclass[12pt]{minimal}
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If the parameters are optimised as above, the maximal $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$h$$\end{document}$ mass value can reach the level of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_h^\mathrm{max} \approx 130$$\end{document}$ GeV.

An important aspect is that in the decoupling regime $\documentclass[12pt]{minimal}
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In this section, we discuss the implications of the measured mass value of the observed Higgs boson at the LHC \[[@CR35]--[@CR62]\] that we identify with the lightest state $\documentclass[12pt]{minimal}
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Implications for the phenomenological MSSM {#Sec4}
------------------------------------------

In an unconstrained MSSM, there is a large number of soft SUSY-breaking parameters, $\documentclass[12pt]{minimal}
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As discussed above, an estimate of the upper bound on $\documentclass[12pt]{minimal}
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What are the implications for the mass of the lightest stop state $\documentclass[12pt]{minimal}
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Masses above 1 TeV for the scalar partners of light quarks and for the gluinos are also required by the direct searches of SUSY particles at the LHC \[[@CR86], [@CR87]\], confirming the need of high $\documentclass[12pt]{minimal}
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Implications for constrained MSSM scenarios {#Sec5}
-------------------------------------------

In constrained MSSM scenarios (cMSSM), the various soft SUSY-breaking parameters obey a number of universal boundary conditions at a high energy scale, thus reducing the number of basic input parameters to a handful. The various soft SUSY-breaking parameters are evolved via the MSSM renormalisation group equations down to the low energy scale $\documentclass[12pt]{minimal}
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Three classes of such models have been widely discussed in the literature. There is first the minimal supergravity (mSUGRA) model \[[@CR64]--[@CR67]\] in which SUSY-breaking is assumed to occur in a hidden sector which communicates with the visible sector only via flavour-blind gravitational interactions, leading to universal soft breaking terms, namely a common $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{1/2}, m_0, A_0$$\end{document}$ values for the gaugino masses, sfermion masses and sfermion trilinear couplings. Then come the gauge mediated \[[@CR68]--[@CR72]\] and anomaly mediated \[[@CR73]--[@CR75]\] SUSY-breaking (GMSB and AMSB) scenarios in which SUSY-breaking is communicated to the visible sector via, respectively, gauge interactions and a super-Weyl anomaly.
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In the case of mSUGRA, one can study several interesting special cases: the no-scale scenario with $\documentclass[12pt]{minimal}
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In two particular cases, namely the "no-scale" and the "approximate cNMSSM" scenarios, the upper bound on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_h$$\end{document}$ is much lower than in the more general mSUGRA case and, in fact, barely reaches $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_h \approx 123$$\end{document}$ GeV. The main reason is that these scenarios involve small values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_0$$\end{document}$ at the GUT scale, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_0 \approx 0$$\end{document}$ for no-scale and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_0 \approx -\frac{1}{4} m_{1/2}$$\end{document}$ for the cNMSSM, which lead to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_t$$\end{document}$ values at the weak scale that are too low to generate a significant stop mixing and, hence, one is again close to the no-mixing scenario. Thus, only a very small fraction of the parameter space of these two sub-classes of the mSUGRA model survive if we impose 123 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$< M_h <$$\end{document}$ 127 GeV. These models should thus have a very heavy sfermion spectrum as a value $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_S \gtrsim 3$$\end{document}$ TeV is required to increase $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_h^\mathrm{max}$$\end{document}$. In the VCMSSM case, the value $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_h \simeq 125$$\end{document}$ GeV can be reached as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|A_0|$$\end{document}$ can be large for large $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_0$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_0 \approx -m_0$$\end{document}$, allowing for typical mixing.

Finally, since the NUHM is more general than mSUGRA as we have two more free parameters, the $\documentclass[12pt]{minimal}
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In these constrained scenarios and, in particular in the general mSUGRA model, most of the scanned points giving the appropriate Higgs mass correspond to the decoupling regime of the MSSM Higgs sector and, hence, to an $\documentclass[12pt]{minimal}
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Split and high-scale SUSY models {#Sec6}
--------------------------------

In the preceding discussion, we have always assumed that the SUSY-breaking scale is relatively low, $\documentclass[12pt]{minimal}
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This argument has been advocated to construct the so-called split SUSY scenario \[[@CR76]--[@CR78]\] in which the soft SUSY-breaking mass terms for all the scalars of the theory, except for one Higgs doublet, are extremely large, i.e. their common value $\documentclass[12pt]{minimal}
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                \begin{document}$$A_f$$\end{document}$, which are expected to have values close to the EWSB scale set by the gaugino/higgsino masses that are much smaller than $\documentclass[12pt]{minimal}
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                \begin{document}$$M_S$$\end{document}$, will play a negligible role.

Concerning the Higgs sector, the main feature of split SUSY is that at the high scale $\documentclass[12pt]{minimal}
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                \begin{document}$$M_S$$\end{document}$, the boundary condition on the quartic Higgs coupling is determined by SUSY:$$\documentclass[12pt]{minimal}
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                \begin{document}$$g'$$\end{document}$ are the SU(2) and U(1) gauge couplings. Here, $\documentclass[12pt]{minimal}
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                \begin{document}$$\tan \beta $$\end{document}$ is not a parameter of the low-energy effective theory as it enters only the boundary condition above and cannot be interpreted as the ratio of the two Higgs vevs.

If the scalars are very heavy, they will lead to radiative corrections in the Higgs sector that are significantly enhanced by large logarithms, $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\mathrm{EWSB} \approx |\mu |, M_{2}$$\end{document}$. In order to have reliable predictions, one has to properly decouple the heavy states from the low-energy theory and resum the large logarithmic corrections; in addition, the radiative corrections due to the gauginos and the higgsinos have to be implemented. Following the early work of Ref. \[[@CR76]--[@CR78]\], a comprehensive study of the split SUSY spectrum has been performed in Ref. \[[@CR97]\]. All the features of the model have been implemented in the code SuSpect \[[@CR82]\] upon which the analysis presented in Ref. \[[@CR35]\] and summarised here is based.

One can adopt an even more radical attitude than in split SUSY and assume that the gauginos and higgsinos are also very heavy, with a mass close to the scale $\documentclass[12pt]{minimal}
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                \begin{document}$$M_S$$\end{document}$; this is the case in the so-called high-scale SUSY model \[[@CR79], [@CR80]\]. Here, one abandons not only the SUSY solution to the fine-tuning problem but also the solution to the dark matter problem by means of the LSP and the successful unification of the gauge couplings. However, there will still be a trace of SUSY at low energy: the matching of the SUSY and low-energy theories is indeed encoded in the Higgs quartic coupling $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda $$\end{document}$ of Eq. ([8](#Equ8){ref-type=""}). Hence, even if broken at very high scales, SUSY would still lead to a "light" Higgs whose mass will give information on $\documentclass[12pt]{minimal}
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                \begin{document}$$\tan \beta $$\end{document}$.

The treatment of the Higgs sector of the high-scale SUSY scenario is similar to that of split SUSY: one simply needs to decouple the gauginos and higgsinos from the low-energy spectrum (in particular remove their contributions to the renormalisation group evolution of the gauge and Yukawa couplings and to the radiative corrections to $\documentclass[12pt]{minimal}
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                \begin{document}$$M_S$$\end{document}$. The version of the program Suspect which handles the split SUSY case can be adapted to also cover the $\documentclass[12pt]{minimal}
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                \begin{document}$$M_1 \approx M_2 \approx M_3 \approx |\mu | \approx M_S$$\end{document}$ case.
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                \begin{document}$$M_h$$\end{document}$ in the split SUSY and high-scale SUSY scenarios; in the former case, $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\mathrm{EWSB} \approx \sqrt{|M_2\mu | } \approx 246$$\end{document}$ GeV was chosen for the low scale. The results are shown in Fig. [3](#Fig3){ref-type="fig"}, where $\documentclass[12pt]{minimal}
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                \begin{document}$$\tan \beta $$\end{document}$ in both split (left plot) and high-scale (right plot) SUSY.
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                \begin{document}$$g'$$\end{document}$ approximately unify in the split SUSY scenario, one obtains $\documentclass[12pt]{minimal}
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                \begin{document}$$M_h \approx 160$$\end{document}$ GeV for the higher $\documentclass[12pt]{minimal}
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                \begin{document}$$\tan \beta =50$$\end{document}$ value. Not included is the error bands in the SM inputs that would lead to an uncertainty of about 2 GeV on $\documentclass[12pt]{minimal}
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                \begin{document}$$m_t$$\end{document}$. In addition, the zero-mixing scenario was assumed as the parameter $\documentclass[12pt]{minimal}
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                \begin{document}$$A_t/M_S = \sqrt{6}$$\end{document}$ would increase the Higgs mass value by up to 10 GeV at $\documentclass[12pt]{minimal}
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                \begin{document}$$M_S ={\mathcal {O}} (1~\mathrm{TeV})$$\end{document}$ as was discussed earlier for the pMSSM. In the high-scale SUSY scenario, one obtains a value $\documentclass[12pt]{minimal}
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                \begin{document}$$M_h\approx 142$$\end{document}$ GeV (with again an uncertainty of approximately 2 GeV from the top mass) for high $\documentclass[12pt]{minimal}
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                \begin{document}$$M_S \approx 10^{14}$$\end{document}$ GeV \[[@CR79], [@CR80]\]. Much smaller $\documentclass[12pt]{minimal}
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Hence, the requirement that the Higgs mass is in the range 123 $\documentclass[12pt]{minimal}
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                \begin{document}$$\lesssim M_h \lesssim 127$$\end{document}$ GeV imposes strong constraints on the parameters of these two models. For this mass range, very large scales are needed for $\documentclass[12pt]{minimal}
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                \begin{document}$$\tan \beta \gg 1$$\end{document}$ in both the split and the high-scale scenarios. In this case, SUSY should manifest itself at scales much below $\documentclass[12pt]{minimal}
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                \begin{document}$$M_h\approx 125$$\end{document}$ GeV.

Splitting the Higgs and sfermion sectors {#Sec7}
----------------------------------------

In the previous high-scale scenarios, the Higgs mass parameters were assumed to be related to the mass scale of the scalar fermions in such a way that the masses of the heavier Higgs particles are also of the order of the SUSY scale, $\documentclass[12pt]{minimal}
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                \begin{document}$$M_A \approx M_S$$\end{document}$. However, this needs not to be true in general and one can, for instance, have a NUHM-like scenario where the Higgs masses are decoupled from those of the sfermions. If one is primarily concerned with the MSSM Higgs sector, one may be rather conservative and allow any value for $\documentclass[12pt]{minimal}
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                \begin{document}$$M_S$$\end{document}$. This is the quite "model-independent" approach that has been advocated in Refs. \[[@CR98]--[@CR101]\]: take $\documentclass[12pt]{minimal}
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An important consequence of this possibility is that it reopens the low $\documentclass[12pt]{minimal}
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                \begin{document}$$\tan \beta \lesssim 3$$\end{document}$, which was long thought to be forbidden if one requires a SUSY scale $\documentclass[12pt]{minimal}
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                \begin{document}$$M_h \gtrsim 114$$\end{document}$ GeV from the negative search of a SM-like Higgs boson at LEP \[[@CR31]\]. If the SUSY scale is large enough, these small $\documentclass[12pt]{minimal}
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                \begin{document}$$\tan \beta $$\end{document}$ values would become viable again. To estimate the required magnitude of $\documentclass[12pt]{minimal}
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                \begin{document}$$M_S \gg 1$$\end{document}$ TeV is implemented \[[@CR97]\] with the full set of radiative corrections up to two loops included. In Fig. [4](#Fig4){ref-type="fig"}, displayed are the contours in the plane $\documentclass[12pt]{minimal}
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                \begin{document}$$M_h=120$$\end{document}$--132 GeV of the observed Higgs state (these include a 3 GeV theoretical uncertainty and also a 3 GeV uncertainty on the top quark mass \[[@CR84]\] that is conservatively added linearly in the extreme cases). The maximal mixing $\documentclass[12pt]{minimal}
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                \begin{document}$$X_t = \sqrt{6} M_S$$\end{document}$ scenario is assumed with 1 TeV gaugino/higgsino mass parameters.Fig. 4Contours for fixed values $\documentclass[12pt]{minimal}
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                \begin{document}$$[\tan \beta , M_S]$$\end{document}$ plane in the decoupling limit $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_A \gg M_Z$$\end{document}$; the "LEP2 contour" for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_h=114$$\end{document}$ GeV is also shown
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A new parametrisation of the Higgs sector {#Sec8}
-----------------------------------------
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Displayed in Fig. [5](#Fig5){ref-type="fig"} are the differences between the values of the mass $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_H$$\end{document}$ and the mixing angle $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha $$\end{document}$ that are obtained when the two possibilities $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \varDelta {\mathcal {M}}^{2}_{11}= \varDelta {\mathcal {M}}^{2}_{12} = 0$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varDelta {\mathcal {M}}^{2}_{11}, \varDelta {\mathcal {M}}^{2}_{12} \ne 0$$\end{document}$ are considered. This is shown in the plane $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$[M_{S},X_{t}]$$\end{document}$ with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$X_t=A_t-\mu \cot \beta $$\end{document}$ when all other parameters are scanned as above. The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A$$\end{document}$ boson mass was fixed to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_A=300$$\end{document}$ GeV (a similar result was obtained for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_A\approx 1$$\end{document}$ TeV) and two representative values $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tan \beta =5$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$30$$\end{document}$ are used. The conservative approach of plotting only points which maximise these differences has been adopted.

In all cases, the difference between the two $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_H$$\end{document}$ values is very small (in fact, much smaller than the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H$$\end{document}$ boson total decay width $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varGamma _H$$\end{document}$), less than a few percent, while for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha $$\end{document}$ the difference does not exceed $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\approx $$\end{document}$0.025 for low values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tan \beta $$\end{document}$, but at high $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tan \beta $$\end{document}$ values, one can reach the level of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\approx $$\end{document}$0.05 in some rare situations (large values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu $$\end{document}$, which enhance the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu \tan \beta $$\end{document}$ contributions). Nevertheless, at high enough $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tan \beta $$\end{document}$, we are far in the decoupling regime already for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_A \gtrsim 200$$\end{document}$ GeV and such a difference does not significantly affect the couplings of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$h$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H$$\end{document}$ bosons which, phenomenologically, are the main ingredients.

Hence, even when including the full set of radiative corrections, it remains a good approximation to use Eq. ([9](#Equ9){ref-type=""}) to derive the parameters $\documentclass[12pt]{minimal}
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In the case of the charged Higgs boson (whose physics is described by $\documentclass[12pt]{minimal}
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Implications of the Higgs production rates {#Sec9}
==========================================

Light Higgs decay and production at the LHC {#Sec10}
-------------------------------------------

In many respects, the Higgs particle was born under a very lucky star as the mass value of $\documentclass[12pt]{minimal}
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On the other hand, many Higgs production processes have significant cross sections as is shown in the right-hand side of Fig. [6](#Fig6){ref-type="fig"}, where they are displayed at a proton collider at various past, present and foreseen center of mass energies for a 125 GeV SM-like Higgs boson; the MSTW parton densities \[[@CR106]\] have been used.Fig. 7The signal strengths on the SM Higgs boson in the various search channels provided by ATLAS \[[@CR108]\] and CMS \[[@CR109]\] with the data collected so far at $\documentclass[12pt]{minimal}
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This pattern already allows the ATLAS and CMS experiments to observe the Higgs boson in several channels and to measure some its couplings in a reasonably accurate way. The channels that have been searched are $\documentclass[12pt]{minimal}
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A convenient way to scrutinise the couplings of the produced $\documentclass[12pt]{minimal}
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ATLAS and CMS have provided the signal strengths for the various final states with a luminosity of, respectively, $\documentclass[12pt]{minimal}
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When the various analysed Higgs search channels are combined, this leads to a global signal strength \[[@CR108], [@CR109]\]$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathrm{ATLAS}:&\mu _\mathrm{tot} =1.30 \pm 0.30\, \nonumber \\ \mathrm{CMS}:&\mu _\mathrm{tot} =0.87 \pm 0.23 \, \end{aligned}$$\end{document}$$which shows a good agreement with the SM expectation. In fact, when the ATLAS and CMS values are combined, one finds a global signal strength that is very close to unity, implying that the observed Higgs is rather SM-like.

Hence, already with the rather limited statistics at hand, the accuracy of the measurements in Eq. ([13](#Equ13){ref-type=""}) is reaching the 20 % level for the ATLAS and CMS collaborations. This is at the same time impressive and worrisome. Indeed, as mentioned earlier the main Higgs production channel is the top and bottom quark loop mediated gluon fusion mechanism and, at $\documentclass[12pt]{minimal}
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As a matter of fact, although the cross section $\documentclass[12pt]{minimal}
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Hence, the theoretical uncertainty is already at the level of the accuracy of the cross section measured by the ATLAS and CMS collaborations, Eq. ([13](#Equ13){ref-type=""}). Another drawback of the analyses is that they involve strong theoretical assumptions on the total Higgs width since some contributing decay channels not accessible at the LHC are assumed to be SM-like and possible invisible Higgs decays in scenarios beyond the SM are supposed not to occur.

In Ref. \[[@CR107]\], following earlier work \[[@CR114]--[@CR117]\], it has been suggested to consider the decay ratios $\documentclass[12pt]{minimal}
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For the signal strengths above, the theoretical uncertainties have to be treated as a bias (and not as if they were associated with a statistical distribution) and the fit has to be performed for the two extremal values of the signal strengths: $\documentclass[12pt]{minimal}
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Fit of the Higgs couplings and their ratios {#Sec11}
-------------------------------------------

A large number of analyses of the Higgs couplings from the LHC data have been performed in the SM and its extensions and a partial list is given in Refs. \[[@CR119]--[@CR150]\].

In the MSSM, the couplings of the CP-even Higgs particles $\documentclass[12pt]{minimal}
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In scenarios where the direct corrections in Eqs. ([19](#Equ19){ref-type=""}) and ([20](#Equ20){ref-type=""}) are not quantitatively significant (i.e. considering either not too large values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu \tan \beta $$\end{document}$ or high sfermion masses), one can use the MSSM relations of Eq. ([18](#Equ18){ref-type=""}) to reduce the number of effective parameters down to two. This allows to perform two-parameter fits in the planes $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$[c_V,c_t]$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$[c_V,c_b]$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$[c_t,c_b]$$\end{document}$. As an example, the fit of the signal strengths and their ratios in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$[c_t,c_b]$$\end{document}$ plane is displayed in Fig. [9](#Fig9){ref-type="fig"}. In this two-dimensional case, the best-fit point is located at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c_t=0.88$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c_b=0.97$$\end{document}$, while $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c_V \simeq 1$$\end{document}$. Note that although for the best-fit point one has $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c_b \lesssim 1$$\end{document}$, actually $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c_b \gtrsim 1$$\end{document}$ in most of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1\sigma $$\end{document}$ region.
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In the early LHC data, a significant excess in the $\documentclass[12pt]{minimal}
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First, it has been realised early that this excess, if not due to a statistical fluctuation, can be easily explained or reduced in the context of the SM by invoking the large theoretical uncertainties that affect the production times decay rate in the dominant channel, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$gg\rightarrow h\rightarrow \gamma \gamma $$\end{document}$. This is shown in Fig. [11](#Fig11){ref-type="fig"}, where the ATLAS and CMS ratios $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_{\gamma \gamma }\equiv \mu _{\gamma \gamma }$$\end{document}$ and their combination, obtained with the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\approx 10$$\end{document}$ fb$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^{-1}$$\end{document}$ data collected at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s}=7+$$\end{document}$8 TeV, is compared to the theory uncertainty bands obtained by the LHC Higgs group \[[@CR110]\] and in Ref. \[[@CR112]\]. It is clear that including the theory uncertainty as a bias helps to reduce the discrepancy between measurement and expectation and e.g. the excess reduces to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1.3\sigma $$\end{document}$ from the original $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\gtrsim 2\sigma $$\end{document}$ value.Fig. 11The value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _{\gamma \gamma }$$\end{document}$ given by the ATLAS and CMS collaborations with the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\approx $$\end{document}$10 fb$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$^{-1}$$\end{document}$ data collected at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s}=7$$\end{document}$ and 8 TeV, as well as their combination, compared to two estimates of the theoretical uncertainty bands; from Ref. \[[@CR153]\]Fig. 12The deviation of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _{\gamma \gamma }$$\end{document}$ from its SM expectation from stop (*left*) and sbottom (*right*) contributions in various scenarios to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \sigma (gg\rightarrow h) \times \mathrm{BR}( h \rightarrow \gamma \gamma )$$\end{document}$ rate; from Ref. \[[@CR152]\]
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Invisible Higgs decays? {#Sec13}
-----------------------

Invisible decays can also affect the properties of the observed $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$h$$\end{document}$ particle. In the MSSM, because of the LEP2 constraints, the only possible invisible channel for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$h$$\end{document}$ boson is into pairs of the LSP neutralinos, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$h \rightarrow \chi ^0_1 \chi ^0_1$$\end{document}$. BR$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$_\mathrm{inv}$$\end{document}$ can be important for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\tilde{\chi }^0_1} <$$\end{document}$ 60GeV and for not too large $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_1$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\mu |$$\end{document}$ values which make the LSP a higgsino--gaugino mixture with significant couplings to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$h$$\end{document}$ state. Such an LSP would have the relic density $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varOmega h^2$$\end{document}$ required by the WMAP results \[[@CR95]\] since it will annihilate efficiently through the s-channel exchange of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$h$$\end{document}$ boson. However, BR$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$_\mathrm{inv}$$\end{document}$ should be small in this case. This is exemplified in Fig. [13](#Fig13){ref-type="fig"}, where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\log _{10} (\varOmega _{\chi } h^2)$$\end{document}$ is shown as a function of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\chi _1^0}$$\end{document}$ for the pMSSM points that satisfy the LHC Higgs constraints and BR$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(h \rightarrow \chi _1^0 \chi _1^0) \ge 15\,\%$$\end{document}$. Only a small area in the region $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$30 \lesssim m_{\chi _1^0} \lesssim 60$$\end{document}$ GeV fulfils these conditions.Fig. 13The neutralino relic density $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\log _{10} (\varOmega _{\chi } h^2)$$\end{document}$ as a function of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\chi _1^0}$$\end{document}$ compatible with BR$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(h\rightarrow \chi _1^0 \chi _1^0) \ge 15\,\%$$\end{document}$ (*green*) and the LHC Higgs data at 90 % CL (*light green*). The *horizontal lines* show the WMAP constraint on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varOmega _{\chi } h^2$$\end{document}$. From Ref. \[[@CR149]\]Fig. 14$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1\sigma $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2\sigma $$\end{document}$ domains from $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _{ZZ}$$\end{document}$ for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c_V=1$$\end{document}$ in the plane $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$[c_f, \varGamma _H^\mathrm{inv}/\varGamma _H^\mathrm{tot}]$$\end{document}$ \[[@CR150]\]. The dependence on the theory uncertainties are shown by the *black curves* that indicate the other possible extreme domains. The direct upper limit on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varGamma _H^\mathrm{inv}$$\end{document}$ from direct searches at LHC for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c_V=c_f=1$$\end{document}$ \[[@CR159]\] is also shown
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A more model independent approach would be to perform direct searches for missing transverse energy. These have been conducted by ATLAS \[[@CR159]\] and CMS \[[@CR163]\] in the $\documentclass[12pt]{minimal}
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A more promising search for invisible decays is the monojet channel. In the ggF mode, an additional jet can be emitted at NLO leading to $\documentclass[12pt]{minimal}
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In Refs. \[[@CR160]--[@CR162]\], it has been shown that the monojet signature carries a good potential to constrain the invisible decay width of a $\documentclass[12pt]{minimal}
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The Higgs invisible rate and the dark matter detection rate in direct astrophysical searches are correlated in Higgs-portal models. Considering the generic cases of scalar, fermionic and vectorial dark matter particles $\documentclass[12pt]{minimal}
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This is shown in Fig. [16](#Fig16){ref-type="fig"}, where the maximum allowed values of the scattering cross sections are given in the three cases assuming $\documentclass[12pt]{minimal}
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Determination of the Higgs parity {#Sec14}
---------------------------------

Apart from the measurement of the couplings, one also needs in principle to establish that the observed Higgs state is indeed a CP even scalar particle and hence with $\documentclass[12pt]{minimal}
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Other useful diagnostics of the CP nature of the Higgs boson that also rely on the different tensorial structure of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$hVV$$\end{document}$ coupling can be made in the VBF process. It was known since a long time that in this channel, the distribution in the azimuthal angle between the two jets produced in association with the Higgs discriminates a CP-even from a CP-odd state \[[@CR174]\]. This has been extended recently to other observables in this process, like the rapidity separation between the two jets \[[@CR175]--[@CR178]\].
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Implications from heavy Higgs searches {#Sec15}
======================================

We turn now to the constraints on the MSSM Higgs sector that can be obtained from the search of the heavier $\documentclass[12pt]{minimal}
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The production and decay pattern of the MSSM Higgs bosons crucially depend on $\documentclass[12pt]{minimal}
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This is first the case for the decays: the $\documentclass[12pt]{minimal}
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Constraints from the LHC Higgs searches {#Sec17}
---------------------------------------

The most efficient channel to probe the heavier MSSM Higgs bosons is by far $\documentclass[12pt]{minimal}
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In Fig. [23](#Fig23){ref-type="fig"}, the sensitivity is displayed of the CMS $\documentclass[12pt]{minimal}
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In fact, the exclusion limit can also be extended to the low $\documentclass[12pt]{minimal}
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The outcome is impressive. These channels, in particular the $\documentclass[12pt]{minimal}
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Could the observed state be the heavier H boson? {#Sec18}
------------------------------------------------

Let us briefly discuss the possibility, raised with the early LHC data, that the observed particle is the heavier MSSM $\documentclass[12pt]{minimal}
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This is exemplified in Fig. [26](#Fig26){ref-type="fig"}, where we zoom in the $\documentclass[12pt]{minimal}
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                \begin{document}$$H$$\end{document}$ is the observed Higgs state[5](#Fn5){ref-type="fn"}.

Higgs production with SUSY particles {#Sec19}
------------------------------------

Finally, let us comment on the possibility of the Higgs bosons being produced in processes involving sparticles. First of all, there is the option of Higgs decays into SUSY particles. In the case of the lighter $\documentclass[12pt]{minimal}
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Turning to associated Higgs production with sparticles, the most important process was expected to be $\documentclass[12pt]{minimal}
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The only channel which could lead to a detectable signal with the data collected so far would be Higgs particles from decays of charginos and neutralinos. In particular the decays $\documentclass[12pt]{minimal}
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The CMS collaboration has reported the results for searches of leptons and missing energy with a luminosity of $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi _2^0 \chi _1^\pm \rightarrow Wh \chi _1^0 \chi _1^0$$\end{document}$ branching fraction (with the *green* band is for experimental uncertainties) is compared to the theoretical prediction \[[@CR209]\]

What next? {#Sec20}
==========

The last 2 years were extremely rich and exciting for particle physics. With the historical discovery at the LHC of a Higgs boson by the ATLAS and CMS collaboration crowned by a Nobel price this fall, and the first probe of its basic properties, they witnessed a giant step in the unravelling of the mechanism that breaks the electroweak symmetry and generates the fundamental particle masses. They promoted the SM as the appropriate theory, up to at least the Fermi energy scale, to describe three of Nature's interactions, the electromagnetic, weak and strong forces,

However, it is clear that these 2 years have also led to some frustration, as no signal of physics beyond the SM has emerged from the LHC data. The hope of observing some signs of the new physics models that were put forward to address the hierarchy problem, which is deeply rooted in the Higgs mechanisms, with supersymmetric theories being the most attractive ones, did not materialise.

The discovery of the Higgs boson and the non-observation of new particles has nevertheless far reaching consequences for supersymmetric theories and, in particular, for their simplest low-energy formulation, the MSSM. The mass of approximately 125 GeV of the observed Higgs boson implies that the scale of SUSY-breaking is rather high, at least $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathcal {O}}$$\end{document}$(TeV). This is backed up by the limits on the masses of strongly interacting SUSY particles set by the ATLAS and CMS searches, which in most cases exceed the TeV range \[[@CR86], [@CR87]\]. This implies that if SUSY is indeed behind the stabilisation of the Higgs mass against very high scales that enter via quantum corrections, it is either fine-tuned at the permille level at least or its low-energy manifestation is more complicated than expected.

The production and decay rates of the observed Higgs particles, as well as its spin and parity quantum numbers, as measured by the ATLAS and CMS collaborations with the $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=7$$\end{document}$ and 8 TeV, indicate that its couplings to fermions and gauge bosons are approximately SM-like. In the context of the MSSM, this implies that we seem to be in the decoupling regime and this 125 GeV particle can be only identified with the lightest $\documentclass[12pt]{minimal}
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                \begin{document}$$H/A/H^\pm $$\end{document}$ states must be heavier than approximately the Fermi scale. This last feature is also backed up by the constraints from direct searches of these heavier Higgs states at the LHC.

This drives up to the question that is now very often asked in particle physics (and elsewhere): what to do next? The answer is, for me, obvious: we are only in the beginning of a new era.[6](#Fn6){ref-type="fn"} Indeed, it was expected since a long time that the probing of the EWSB mechanism will be at least a two chapters story. The first one is the search and the observation of a Higgs-like particle that will confirm the scenario of the SM and most of its extensions, that is, a spontaneous symmetry breaking by a scalar field that develops a non-zero vacuum expectation value. This long chapter has just been closed by the ATLAS and CMS collaborations with the spectacular observation of a Higgs boson. This observation opens a second and equally important chapter: the precise determination of the Higgs profile and the unravelling of the EWSB mechanism itself.

A more accurate measurement of the Higgs couplings to fermions and gauge bosons will be mandatory to establish the exact nature of the mechanism and, eventually, to pin down effects of new physics if additional ingredients beyond those of the SM are involved. This is particularly true in weakly interacting theories such as SUSY in which the quantum effects are expected to be small. These measurements could be performed at the upgraded LHC with an energy close to $\documentclass[12pt]{minimal}
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At this upgrade, besides improving the measurements performed so far, rare but important channels such as associated Higgs production with top quarks, $\documentclass[12pt]{minimal}
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                \begin{document}$$Z\gamma $$\end{document}$ states could be probed. Above all, a determination of the self-Higgs coupling could be made by searching for double Higgs production e.g. in the gluon fusion channel $\documentclass[12pt]{minimal}
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In a less near future, a high-energy lepton collider, which is nowadays discussed in various options (ILC, TLEP, CLIC, $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$ collider) would lead to a more accurate probing of the Higgs properties \[[@CR216]--[@CR224]\], promoting the scalar sector of the theory to the high-precision level of the gauge and fermionic sectors achieved by LEP and SLC \[[@CR30]\].

Besides the high precision study of the already observed Higgs, one should also continue to search for the heavy states that are predicted by SUSY, not only the superparticles but also the heavier Higgs bosons. The energy upgrade to $\documentclass[12pt]{minimal}
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                \begin{document}$$\approx $$\end{document}$14 TeV (and eventually beyond) and the planed order of magnitude (or more) increase in luminosity will allow to probe much higher mass scales than presently.

In conclusion, it is not yet time to give up on supersymmetry and on new physics in general but, rather, to work harder to be fully prepared for the more precise and larger data that will be delivered by the upgraded LHC. It will be soon enough to "philosophise" in 2 years from now, when the physics landscape will become clearer.

This uncertainty is obtained by comparing the outputs of SuSpect and FeynHiggs \[[@CR83]\] which use different schemes for the radiative corrections: while the former uses the $\documentclass[12pt]{minimal}
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                \begin{document}$$m_t=173 \pm 1$$\end{document}$ GeV \[[@CR85]\]. Note that it is not entirely clear whether this mass is indeed the pole quark mass. A more rigorous determination of the pole mass from the measured top-pair cross section at the Tevatron gives a lower value with a larger uncertainty, $\documentclass[12pt]{minimal}
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Note that also in the VBF process, despite the fact that the inclusive cross section has only a few percent combined scale and PDF uncertainty \[[@CR110]\], the contamination by the $\documentclass[12pt]{minimal}
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                \begin{document}$$gg \rightarrow h+2j$$\end{document}$ events will remain even after the specific cuts that select the VBF configuration have been applied, and the rate is affected by a much larger uncertainty than the inclusive $\documentclass[12pt]{minimal}
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In the case of the production process $\documentclass[12pt]{minimal}
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To be more general, the spin of the particle needs also to be determined. The observation of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\ge $$\end{document}$2 possibilities. The graviton-like spin-2 option is extremely unlikely and, already from the particle signal strengths in the various channels, it is ruled out in large classes of beyond the SM models; see e.g. Ref. \[[@CR169]\].
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One can rightfully use here the words of Winston Churchill in November 1942 after the battle of El Alamein (which in Arabic literally means "the two flags" but could also mean "the two worlds" or even "the two scientists"!): "Now, this is not the end; it is not even the beginning to the end; but it is, perhaps, the end of the beginning".
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